Coxsackievirus B3 infection causes significant cardiac inflammation in male, but not female, B1.Tg.E␣ mice. This gender difference in disease susceptibility correlates with selective induction of CD4 ؉ Th1 (gamma interferon-positive) cell responses in animals with testosterone, whereas estradiol promotes preferential CD4 ؉
Often, autoimmune diseases have a definite gender bias. Systemic lupus erythematosis, rheumatoid arthritis, multiple sclerosis, thyroiditis, and non-insulin-dependent diabetes mellitus all dominate in women (15, 22, 28, 42) . Despite this gender dominance, distinct pathophysiological mechanisms may be involved. Systemic lupus erythematosis which is characterized by autoantibodies and an association with Th2 cell responses, usually affects younger women. In contrast, rheumatoid arthritis, a disease more common after menopause and associated with cell-mediated injury of joints, correlates with a deficiency in Th2-like cytokines (42) . These clinical observations are consistent with reports that estrogens enhance humoral responses and suppress cellular immunity (3, 9, 33, 42) . However, the effects of estrogens on immunity are far from clear-cut, as estrogens have also been reported to suppress autoantibody response (39) , and testosterone therapy enhances Th2 cell responses in experimental allergic encephalomyelitis (7) . Why different investigators report diametrically opposed hormonal effects in autoimmune disease models is not clear. Possibly, how hormones affect immunity depends on which organ systems are involved (35) , on the nature of the antigen-specific lymphocytes, on the hormone dose used, or on counterbalancing interactions between different hormones in vivo.
Estrogens have multiple effects within the immune response. These hormones suppress class II major histocompatibility complex (MHC) antigen expression in transplanted allogeneic coronary arteries (29) , which probably explains the suppressive effects of this hormone on antigen presentation (43) . Both estrogens and testosterone induce cytokine expression. Estrogens promote gamma interferon (IFN-␥), interleukin-1␤ (IL-1␤), IL-10, and IL-5 gene expression (6, 11, 13, 35, 40) . Testosterone, while having no effect on IL-1␤ expression, is even more effective than estrogen in IL-5 induction. Often, the effect of the hormone on cytokine levels is dose dependent and might be biphasic (augmenting cytokine production at certain doses while suppressing production at other doses) (6, 13) . Finally, hormones modulate expression of apoptotic factors and lymphoid cell death (10, 12, 38) .
Clinically, myocarditis is a male-dominant disease, with a 2:1 ratio over females (44) . Of females afflicted by this disease, most are peripartum. Experimental studies using coxsackievirus B3 (CVB3) infection of mice show gender bias similar to that observed clinically (17, (30) (31) (32) . Recently, we have shown that susceptibility to CVB3-induced experimental myocarditis is dependent on preferential induction of CD4 ϩ Th1 cell responses (19, 21) . Furthermore, immune bias toward the Th1 phenotype requires activated T cells expressing the ␥␦ T-cell receptor (TcR) (19) . CVB3 infection of female mice results in preferential Th2 cell responses, but in vivo treatment of females with androgens can shift the dominant CD4 ϩ T-cell response toward the Th1 phenotype and promote significant myocarditis (20) . The present investigation extends these initial studies by showing that testosterone enhances ␥␦ ϩ T-cell activation in vivo and that these effectors are responsible for the gender bias in this disease model.
MATERIALS AND METHODS
Mice. B1.Tg.E␣ mice are genetically modified animals in which MHC class II IE expression is restored by introduction of the E␣ k gene into C57BL/6 mice (25, 37). These animals were obtained from Chella David (Department of Immunology, Mayo Clinic, Rochester, Minn.). Previous studies in this laboratory have shown that B1.Tg.E␣ male mice are highly susceptible to CVB3-induced myocarditis, that disease depends on a Th1 cell response, and that ␥␦ ϩ T cells regulate the CD4 ϩ Th cell phenotype (21a). Males, 5 to 7 weeks of age, were infected by intraperitoneal (i.p.) injection of 10 4 PFU of CVB3 in 0.5 ml of phosphate-buffered saline (PBS) (23). Mice were euthanized by i.p. injection of 120 mg of sodium pentobarbital per kg of body weight in 0.5 ml of PBS.
Virus titer. Hearts were homogenized in medium. Cellular debris was removed by centrifugation at 1,045 ϫ g for 10 min. The supernatant was titered by the plaque-forming assay on HeLa cell monolayers as described previously (23) .
Histology. Hearts were removed, fixed in 10% buffered formalin, paraffin embedded, sectioned, and stained with hematoxylin and eosin. Stained sections were used for image analysis in transmitted light mode with an Olympus BX50 compound light microscope (4ϫ objective lens; numerical aperture, 0.13). True color digital images (640 by 480 pixels) were captured with a Sony DXC-960MD/ LLP video camera connected via an RS170 cable to a video frame grabber on a Sun SPARCstation 5. Image processing and analysis were accomplished with IMIX software (Princeton Gamma Tech, Inc., Princeton, N.J.). Final percent cardiac inflammation was calculated by dividing the area of injury by the total area of the heart cross section.
Hormones. 17␤-Estradiol and 4-androsten-17␤-ol-one (testosterone) were purchased in powder form from Sigma. The hormones were initially dissolved to 10 mg/ml in ethanol and subsequently diluted to 20 g/ml in PBS. Control animals received PBS with 0.5% ethanol without hormone. Animals were injected i.p. with 0.5 ml. For tissue culture, water-soluble estradiol and testosterone were purchased from Sigma and diluted directly in medium to the desired concentration.
Serum hormone concentrations. Mice were bled by cardiac puncture. Blood was allowed to clot and then centrifuged at 1,045 ϫ g for 10 min, and serum was retrieved. Levels of testosterone and estradiol were determined by radioimmunoassay through the Fletcher-Allen Health Center clinical laboratories.
Antibodies. Fluorochrome-conjugated antibodies and Fc-Block (anti-Fc␥III/II receptor; clone 2.4G2) were purchased from Pharmingen (San Diego, Calif.). These were fluorescein isothiocyanate (FITC)-anti-CD4 (clone GK1.5), phycoerythrin (PE)-anti-CD69 (clone H1.2F3), FITC-anti-␥␦ TcR (clone GL3), PEanti-mouse IL-4 (clone 11B11), and PE-anti-mouse IFN-␥ (clone XMG1.2). Immunoglobulin isotype controls were PE-rat immunoglobulin G1 (IgG1) (clone R3-34), FITC-and PE-rat IgG2a (clone R35-95), and FITC-and PE-hamster IgG (clone A19-3). For antibody depletion studies, hybridoma clone GL3-3A making monoclonal anti-␥␦ TcR antibody was grown as ascites as described in detail previously (41) . Animals were injected i.p. with 100 g of Sepharose G-100-purified antibody in 0.5 ml of PBS on days Ϫ2 and Ϫ1 relative to infection.
Flow cytometry. Mice were euthanized by i.p. injection of sodium pentobarbital (120 mg/kg in PBS). The spleens were removed, pressed through fine mesh screens to produce single-cell suspensions, and washed in RPMI 1640 medium containing penicillin (100 U/ml), streptomycin (100 g/ml), and 5% fetal bovine serum. The cells were centrifuged at 377 ϫ g for 10 min, the pellet was resuspended in erythrocyte lysing solution (Sigma Chemical Co., St. Louis, Mo.), and the remaining lymphoid cells were washed once with medium and counted by trypan blue exclusion. Hearts were retrieved, minced finely with scissors, and subjected to three sequential digestions with 10 ml of 0.4% collagenase II (Worthington Biochemical Co., Freehold, N.J.) for 12 min at 37°C. Lymphoid cells were isolated by centrifugation of the dissociated cell population on Histopaque (Sigma) at 1,048 at g for 10 min. Approximately 10 5 lymphocytes were incubated with a 1:100 dilution of Fc-Block and a 1:100 dilution of fluorochromeconjugated antibody for 20 min at 4°C. Control cells were incubated with fluorochrome-labeled isotype immunoglobulin. The cells were washed in PBS containing 1% bovine serum albumin and 0.01% sodium azide (buffer) and then resuspended in 2% paraformaldehyde. For intracellular cytokine staining, a modification of the method of Picker et al. (34) was used. Briefly, 10 6 splenocyte were cultured in medium containing brefeldin A (10 g/ml), phorbol myristate acetate (50 ng/ml), and ionomycin (500 ng/ml) (all from Sigma) for 4 h at 37°C in 5% CO 2 . The cells were washed, incubated with a 1:100 dilution of Fc-Block and a 1:100 dilution of FITC-anti-CD4 antibody for 20 min at 4°C, and then washed and incubated in 2% paraformaldehyde for 10 min. The membranes were permeabilized by incubation in buffer containing 0.5% saponin. The cells were incubated with 1:100 dilutions of anticytokine or isotype immunoglobulins for 20 min at 4°C, washed in buffer containing saponin and then in buffer without saponin, and resuspended in 2% paraformaldehyde. Staining cells were analyzed by using a Coulter Epics Elite instrument with a single excitation wavelength (488 nm) and band filters for PE (575 nm) or FITC (525 nm). Each sample population was classified for cell size (forward scatter) and complexity (side scatter) and gated on a population of interest; then 10,000 cells were evaluated. Criteria for positive staining were established based on the intensity of the isotype controls. The results were expressed as the percentage of cells within a size/complexity gate that stained positively for each marker after subtraction of the stained cells in the isotype control cultures.
Statistics. Data were evaluated by Student's t test. 
RESULTS
Modulation of myocarditis severity with exogenous sex-associated hormones. Male and female B1.Tg.E␣ mice were injected ip with 10 g of estradiol and testosterone, or with buffer alone, and then injected ip with 10 4 PFU of CVB3 3 days later. Animals were killed 7 days after infection, and hearts were evaluated for myocarditis and virus titer (Fig. 1) . We also determined hormone levels in the plasma in uninfected male and female mice injected with either PBS control or hormones 2 days earlier (Fig. 2) . Serum testosterone levels increased in both male and female mice given testosterone, although the effect was most pronounced in males. Minimal cardiac inflammation was detected in females or females given estradiol. Testosterone treatment increased the percentage of the myo- 
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HORMONES REGULATE Th CELL RESPONSEScardium inflamed approximately threefold compared to females not given hormone (6.1 and 1.6%, respectively). Males develop significantly more severe cardiac inflammation than females, but treating males with estradiol prior to infection suppresses myocarditis (9.5 and 3.4% of the myocardium inflamed, respectively). Testosterone treatment of males further enhances disease (9.5% in untreated males and 16% in testosterone-treated males). Cardiac virus titers were highest in males and both male and female mice treated with testosterone. Titers were somewhat lower in females and estradioltreated animals. Figure 3 shows representative photomicrographs of hormone-treated and untreated male mice after infection. CD4 ؉ Th cell responses in hormonally treated CVB3-infected mice. Spleens were removed from both uninfected and infected mice. Cells were evaluated for total CD4 ϩ cells and for CD4
ϩ cells producing either IFN-␥ (Th1-like) or IL-4 (Th2-like) cytokines (Fig. 4) . Total percentages of CD4 ϩ T cells were similar in spleens of all mice. Infected males not treated with hormone had predominantly IFN-␥-producing CD4 ϩ T cells. Numbers of Th1-like cells were higher in both infected males and females given testosterone than in uninfected animals, infected animals given estradiol, or infected females. The most striking differences were noted in the Th2 cell populations, which were significantly increased in infected females, in infected males and females given estradiol, and, surprisingly in infected males given testosterone.
Infection dramatically enhanced B7 expression in the spleen, but no reproducible differences were noted between females or males and between various hormone-treated groups (data not shown). Previously published studies (19) demonstrated that T cells expressing the ␥␦ TcR promoted CVB3-induced myocarditis by favoring Th1 cell responses. To determine whether differences in ␥␦ T-cell responses occur between male and female mice, splenocytes were stained for the early activation marker, CD69, and for ␥␦ TcR (Fig. 5) . Both percentages of total CD69 ϩ and ␥␦ ϩ T cells increased in the spleen after infection, but again, no reproducible differences were detected between males, females, and hormone-treated groups. However, CD69
ϩ ␥␦ ϩ (doubly labeled) populations were significantly greater in infected males and infected animals given testosterone than in infected females and infected animals given estradiol. Thus, there is a correlation between recently activated ␥␦ ϩ T cells and myocarditis severity. Treatment of infected males and testosterone-treated infected animals with 100 g of anti-␥␦ TcR antibody on each of 2 days prior to infection substantially inhibited myocarditis compared to mice given isotype immunoglobulin (Fig. 6 ). Flow analysis of ␥␦ ϩ T cells in the spleen indicated greater than 95% elimination of this population by antibody treatment (7.1% of splenocytes in untreated animals were ␥␦ ϩ , compared to 0.3% in antibodytreated mice).
DISCUSSION
This report shows that activation of ␥␦ ϩ T cells differs between CVB3-infected male and female mice and is influenced by sex-associated hormones. Why ␥␦ ϩ T-cell responses vary in this manner was not determined. Two possibilities seem most likely. First, since virus titers also were slightly higher in animals with testosterone than in animals with estrogen, the enhanced ␥␦ ϩ T-cell response might reflect the elevation in virus titers. Previous studies demonstrated that CVB3 infection stimulates 70-kDa heat shock protein expression and that the ␥␦ ϩ T cells react to these molecules (16, 18) . Therefore, increases in virus concentrations should correspond to increased ␥␦ ϩ T-cell activation. Whether the differences in virus titers between hormonally treated groups is sufficient to explain the marked differences in the levels of ␥␦ ϩ T-cell response is unclear. A second possibility is that the hormones modulate ␥␦ ϩ T-cell responses by these steroids' known ability to control cytokine expression.
The present study used hormone injections into nongonadectomized animals. Evaluation of plasma hormone levels indicate that the injections alter circulating hormone levels. However, it is possible that hormone treatment also alters other chemicals within the body, such as glucocorticoids, which might affect myocarditis induction (8) . Additionally, this study used a single concentration of hormone which has been shown by other investigators to alter hormone levels in vivo. Either increasing or decreasing the exogenous hormone concentration might alter the effect on viral pathogenesis.
The enhanced ␥␦ ϩ T-cell response in the presence of testosterone promotes immune deviation of CD4 ϩ T cells to a Th1 phenotype. All testosterone-treated groups showed excellent percentages of IFN-␥-producing CD4 ϩ T cells in the spleen and usually had few IL-4-producing (Th2) lymphocytes. The exception to this observation was male mice treated with exogenous testosterone, which had both increased Th1 and Th2 cells in the spleen. At high concentrations of testosterone, estrogen-like effects can sometimes occur (2); thus, it is possible that the increase in Th2-like cells results from excess androgens and conversion of some of the hormone to estrogen.
Males and testosterone-treated animals of both sexes also had more IFN-␥ ϩ than IL-4 ϩ cells in the heart 7 days after infection. This finding indicates that the prevalence of Th1-like cells during myocarditis is not restricted to peripheral lymphoid organs. However, evaluation of Th phenotypes in the hearts of myocarditis-resistant mice was not possible due to the limited numbers of T cells present in the myocardium of these animals.
Variations in expression of B7-1 and B7-2 have been used to explain prominent Th1 and Th2 cell responses in autoimmunity models (24, 26, 27) . Although CVB3 infection greatly upregulates both of these molecules compared to uninfected animals, no differences between B7-1 and B7-2 were observed among the hormone-treated animals. Additionally, while estrogen has been reported to suppress MHC class II antigen expression (29), we found no reproducible effect on either IA or IE expression in the spleen (data not shown). Thus, it is unlikely that hormones modulate Th cell responses through their effects on antigen presentation.
Depletion of ␥␦ ϩ T-cell populations in all testosteronetreated mice resulted in both suppression of myocarditis and decreased Th1 cell response. This finding not only confirms the importance of ␥␦ ϩ T cells in CVB3 pathogenesis but also provides additional evidence that the ␥␦ ϩ T cells modulate CD4 ϩ T-cell responses. Should the hormone directly alter CD4 ϩ T-cell activity, one might have expected to observe changes in hormonally treated but uninfected control mice. One potential problem with antibody depletion of the ␥␦ ϩ T cells should be considered. Antibody binding to the TcR can activate T cells. Although flow analysis at the end of the experiment demonstrated that greater than 95% of ␥␦ ϩ T cells were eliminated from antibody-treated mice, it is possible that these cells were activated before their depletion. Thus, there is the possibility that antibody modulation of Th cell responses results from activation of specific ␥␦ ϩ T cells rather than from their elimination. ␥␦ ϩ T cells often accumulate at the sites of inflammation during autoimmune and infectious diseases. In experimental models of arthritis, ␥␦ ϩ cells are beneficial to the host since disease is aggravated with their elimination. In experimental CVB3-induced myocarditis, however, elimination of ␥␦ ϩ T cells ameliorates disease. The mechanism by which ␥␦ ϩ T cells affect CVB3-induced disease is not clear. These lymphocytes are potent cytokine producers and might affect immune deviation in the CD4 ϩ cell population by altering the local cytokine environment (4) . Alternatively, ␥␦ ϩ T cells might alter CD4 ϩ T-cell responses through other mechanisms. ␥␦ ϩ T cells express high levels of FasL (36) , making these cells highly cytolytic.
Although everyone agrees that sex steroids influence cytokine and Th responses, the literature is confusing as to what the specific effects are. Much of the work in this area has been done with neurological disease models, specifically either experimental allergic or Theiler's virus-induced encephalomyelitis (1, 6, 9, 13, 14) . In each model, estrogen promotes disease susceptibility through induction of antigen-specific Th1 cell responses, while testosterone favors Th2 cell differentiation. Other investigators find either that estrogens do not modulate Th cell responses (5) or that varying estrogen/progesterone balances in vivo can favor either Th1 or Th2 responses (42) . Most likely, as discussed by Lockshin (28) , sexual dimorphism in disease is a complex issue and depends on many factors besides hormones. Additionally, since hormones alter various aspects of the immune system, including antigen presentation, MHC antigen expression, and cell apoptosis, these steroids may not have uniform effects in all antigen-specific immune responses. In the present system, the hormones most likely modulate immunity through alterations in ␥␦ ϩ T-cell activation. How the steroids alter ␥␦ ϩ T-cell responses has not been determined. One possibility is that the effect on ␥␦ ϩ T cells is the indirect consequence of alterations in virus replication in vivo. Since androgens enhance virus titers in the heart (31) and ␥␦ ϩ T cells react to heat shock proteins induced by infection (16) , increases in virus titers should enhance ␥␦ ϩ T-cell responses. A second possibility is that the hormones directly influence ␥␦ ϩ T-cell responses. In either case, estradiol and testosterone may affect myocarditis and CD4 ϩ T-cell responses differently than in other organs if ␥␦ ϩ T-cell responses are not important in those other disease models.
